We study experimentally the nonlinear properties of fishnet metamaterials infiltrated with nematic liquid crystals and find that moderate laser powers result in significant changes of the optical transmission of the composite structures. We also show that the nonlinear response of our structure can be further tuned with a bias electric field, enabling the realization of electrically tunable nonlinear metamaterials. Many applications of photonic structures require the ability to change their properties all-optically through a nonlinear change of their refractive index. However, in natural materials, a sizable optical nonlinearity requires the use of ultra-high light intensities and powers, hindering the practical use of optical nonlinearities. An important approach for the enhancement of nonlinearity is offered by the significant field concentration and subwavelength confinement in plasmonic and metamaterial structures, employing the increased density of electromagnetic states near a metal surface.
We study experimentally the nonlinear properties of fishnet metamaterials infiltrated with nematic liquid crystals and find that moderate laser powers result in significant changes of the optical transmission of the composite structures. We also show that the nonlinear response of our structure can be further tuned with a bias electric field, enabling the realization of electrically tunable nonlinear metamaterials. Many applications of photonic structures require the ability to change their properties all-optically through a nonlinear change of their refractive index. However, in natural materials, a sizable optical nonlinearity requires the use of ultra-high light intensities and powers, hindering the practical use of optical nonlinearities. An important approach for the enhancement of nonlinearity is offered by the significant field concentration and subwavelength confinement in plasmonic and metamaterial structures, employing the increased density of electromagnetic states near a metal surface. 1, 2 Especially, important is the case of field enhancement in metamaterial structures, because this can influence both their electric and magnetic nonlinear response. [3] [4] [5] [6] As such the development of switchable and nonlinear metamaterials has been identified as a key area in the field of metamaterials. 7 Indeed, a number of theoretical proposals have revealed that a range of new nonlinear phenomena are possible in metamaterials, including enhancement of nonlinearity, backwardwave phase matching for harmonic generation, and parametric amplification (see Refs. 8-10 and references therein). The experimental verification of such metamaterial-specific ideas is still lacking, with the exception of enhanced harmonic generation.
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One of the major difficulties in such experimental verification is that the thickness of currently available optical metamaterials is of the order of the optical wavelength or smaller. Therefore, the nonlinear change in refractive index must be very large to control the transmission response with incident light power. Achieving such a strong nonlinear shift in a thin layer poses a significant challenge to the experimental studies of nonlinear metamaterials, with only a few examples having been reported for plasmonic structures. 14, 15 An important proof for the feasibility of the enhanced nonlinearity in metamaterials can be achieved by embedding in their structure dielectrics with a giant nonlinear optical response such as liquid crystals (LCs). 16 In this way, the giant response of the dielectric can compensate for the subwavelength thickness of the materials. Indeed the large change of refractive index of the nematic LC due to molecular re-orientation caused by external electric field has been utilized to control the transmission through LC infiltrated photonic 17 and plasmonic structures. 18, 19 Liquid-crystal tunability of magnetic and negative index metamaterials has also been suggested [20] [21] [22] and experimentally verified for thermal tunability of purely magnetic metamaterials. 23 Nevertheless, the nonlinear response of negative index optical metamaterials has not been reported to date.
In this letter, we study experimentally the nonlinear optical response of double fishnet metamaterials structures infiltrated with a nematic LC. We show that indeed the LC infiltration provides an efficient mechanism for all-optical tunability of the fishnet structures operating at optical frequencies. We show that moderate laser powers can influence the transmission through the fishnets, being further tunable by the external electric field.
The fishnet metamaterials are fabricated on a glass substrate using gold and MgF 2 as metal and dielectric layers, respectively, as schematically shown in Fig. 1(a) . For nanostructuring of the metal-dielectric layers, we use focused ion beam milling, to create a fishnet structure as shown in the scanning electron micrograph in Fig. 1(b) . 24 The metamaterial parameters are chosen to achieve effective negative index of the fishnets in the telecommunication spectral range and are optimized for maximum sensitivity of the optical transmission to a change in the refractive index of the LC inside the holes. 22 This fishnet metamaterial is then infiltrated with E7 nematic LC and sandwiched on the top with a cover-glass slide coated with a transparent indium tin oxide (ITO) electrode and a polyvinyl alcohol (PVA) layer First, we measure the linear transmission properties of the fabricated fishnets using a linearly polarized white halogen tungsten light as shown in Fig. 2(a) . We focus the image of the aperture onto the metamaterial sample and collect the transmitted light in the infra-red spectral region onto an optical spectrum analyzer (OSA). . The solid curves correspond to our experimental measurements, while the dashed curves are based on finite-difference time-domain numerical simulations. In our simulations, we use six-term Drude-Lorentz expression for the dielectric permittivity of gold 25 and a constant refractive index of 1.38 for the MgF 2 . While there is a factor of two difference in the magnitude of transmission between our measurements and the numerical calculations, there is good correspondence in the wavelength positions of the spectral maxima. We attribute the lower transmission seen in experiment to the inevitable roughness of the film and the higher losses in the sputtered gold. More importantly, from Fig. 2(b) , we can conclude that a complete LC infiltration of the nanoscale holes of the fishnet structure has been achieved. If air pockets were formed during the infiltration process, the transmission spectrum would show a peak lying in between the peaks of both curves (i) and (ii), as confirmed by numerical simulations.
The next important point of our experiments is the investigation of alignment of the LC molecules. The use of a PVA layer on the top cover-glass slide forming our LC cell ensures that near this layer, the LC molecules are aligned parallel to the surface. However, it is unknown what the alignment of the LC molecules at the fishnet surface is (in particular inside the holes) and how the top alignment propagates inside the 100 lm thick LC cell. Importantly, for a strong nonlinear response of the LC, it is preferable that the LC molecules are aligned perpendicular (or with a small angle) to incident light electric field. Therefore, if the top alignment is fully preserved, a bias electric field across the top and bottom electrodes of the LC cell will need to be applied to ensure proper molecular orientation of the LC molecules. However, our experimental measurements of the transmission spectra with and without applied bias electric field show negligible change in transmission. This indicates that the LC molecules are aligned vertically inside the holes of the fishnet. This is again confirmed with numerical simulations showing that for LC reorientation from horizontal to vertical, the transmission maximum will experience a spectral shift of the order of 100 nm. 22 The observed fixed vertical alignment is possible due to surface anchoring of the LC molecules to the side walls of the fishnet structure. We note that this vertical alignment of the LC molecules inside the holes favors the re-orientational nonlinearity of the LC through illumination with y-polarized optical fields [see Fig. 1(a) ].
In order to study the dependence of optical transmission on light intensity, we illuminate the infiltrated metamaterials with a laser beam from a telecom fiber laser (Pritel) at 1550 nm, which is mildly focused to a 20 lm size spot. The experimental setup is depicted in Fig. 3(a) . The fiber laser operates in a pulsed regime with a repetition rate of 5 MHz and spectral bandwidth of 0.3 nm. As such, the laser beam acts as a quasi-cw illumination, because the typical time response of the LC is of the order is 1 ms. The fishnet structure is excited through the substrate side in order to minimize any effects from the bulk (100 lm thick) layer of LC. This is in contrast to the recent experiments of LC metamaterials 26 where the polarization rotation in the bulk part of the LC layer is responsible for the change of light transmission. The transmitted power in our experiment is detected by a polarization independent photo-detector, however depolarization effects through the structure were found to be negligible. The particular excitation laser wavelength is positioned on the long-wavelength side of the transmission maxima [see Fig. 2a(b-ii) ] and near the wavelength of the gap plasmon resonance, thus operating in the expected negative index spectral region. First, we perform a reference measurement by testing the transmission of the entire stack of layers in the LC cell, but without the fishnet metamaterial and obtain a perfectly linear dependence of the transmission with power. The linear dependence is well preserved regardless of the applied bias electric field, again showing that bulk nonlinear effects in the LC cell are negligible. However, the dependence of transmission on laser power dramatically changes if the fishnet metamaterial is placed into the laser beam (Fig. 3) . In this case, we observe a drop (sub-linear dependence) of the transmitted power in comparison to the linear dependence at low light intensities. For completeness, Fig. 3(b-inset) also shows the normalized transmission with an increase of the incident laser power. At low input powers, the transmission through the infiltrated structure is 5% for zero applied bias field but with the increase of the laser power a differential drop of transmission of approximately 30% is observed. The dependency of the transmission is measured for the power range from zero to 35 mW. Above these power levels, the thermal effects start to dominate the transmission, which is reflected in an increased noise and non-stationary dynamics.
We also observe that the measured transmission drop is strongly dependent on the application of a bias electric field, confirming the strong molecular re-orientation of the LCs inside the holes of the fishnet metamaterials. For a bias voltage of 40 V [ Fig. 3(b) ], the linear transmission is slightly increased due to the change of LC domain walls in the bulk part of the LC cell, however again there is a drop in the transmission with increase of incident laser power. As seen in Fig. 3(b-inset) , the drop in transmission saturates at about 20 mW and a differential change of 30% is observed. This non-monotonic dependence is an indication of strong interplay between optical and electrical reorientation of the LC molecules at these laser powers. This interplay demonstrates an important mechanism of electrically controlled optical nonlinearity in our fishnet metamaterials structures. We note that the exact interplay depends strongly on the mechanisms of surface anchoring of the LC molecules in the nano-holes and further studies are required to understand these effects.
Our results to alter the transmission and correspondingly the refractive index of fishnet metamaterial all-optically by the light itself represent an important milestone in the development of metamaterials with enhanced nonlinear response. The possible implementation of metamaterials in signal processing devices further requires the exploration of ultrafast nonlinear optics in metamaterials. While recent pumpprobe experiments in fishnets 27 are a step forward in this direction, the self-action of ultra-short light signals still remains to be tested.
In conclusion, we have fabricated and studied experimentally fishnet metamaterial structures with strong optical nonlinearity due to their infiltration with nematic liquid crystals. We have observed a large change in the optical transmission through the structure at moderate laser powers of just a few milliwatts due to orientational nonlinearity of the liquid crystal. Importantly, we have also shown the possibility of controlling the nonlinear response of the fishnet metamaterials by application of a bias electric field, thus opening further opportunities for the realization of optical materials with electrically tunable nonlinear response.
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